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Introduction
GaN-based III-nitride semiconductors have achieved great success in the fabrication of active optical devices such as light-emitting diodes (LEDs) [1, 2] and lasers diodes [3, 4] , where they showed high radiative efficiency at the visible wavelengths, a spectral range that is unattainable using other materials [5, 6] . For passive optical devices such as waveguides, resonators [7] , and modulators [8] , III-nitride materials are also expected to produce high performance devices especially at the visible and ultraviolet (UV) wavelengths due to their outstanding optical properties such as wide bandgaps (i.e., transparent at the visible and UV spectral range), low dispersion [9, 10] , active integration capability, and second order susceptibility [11, 12] . Despite these advantages, however, the majority interests of the integrated photonics society have been focused on 1.55 μm wavelengths based on III-V or Si materials for fiber optics applications, with only very limited experimental work on GaN passive optical devices such as photonic waveguides. Recent progress on UV and visible integrated photonics [12-18] have opened up new opportunities for III-nitride photonics in applications such as biochemical sensing, Raman spectroscopy, beam steering, nonlinear optics, and quantum photonics. For these applications, a high-power density pumping is typically required for various III-nitride waveguide structures. For example, applications such as stimulated Raman scattering, comb generation, and super continuum generation will require pumping power on the order of hundreds of milliwatts inside the waveguides [15] [16] [17] [18] [19] [20] . For other threshold-less process such as second harmonic generation and entangled photon generation, the power of the signals is typically proportional to the square of incident power, which could be on the order of tens to hundreds of milliwatts [7, 12, 14] . These applications will therefore require high performance III-nitride waveguides with extremely low optical loss, which presents a major technical challenge. In contrast to traditional photonic waveguides (e.g., Si or III-V) at 1.55 μm where the optical loss is mainly due to the sidewall scattering effects, the performance of GaN waveguide at the visible spectral wavelength is dominated by several different loss mechanisms. First, under high power operation the optical loss of III-nitride waveguides is dominated by multi-photon absorption process [21] . Second, grain boundaries formed in GaN material grown on sapphire typically show different etching speeds during dry etching, which degrades the side wall roughness and hence introduces additional loss to GaN waveguides. Furthermore, due to the material epitaxial processes, III-nitride materials are intrinsically n-type doped, which will also lead to large free carrier loss to III-nitride waveguides. Since the free carrier loss is proportional to the inverse of carrier mobility [22] , the material quality of III-nitride material (e.g., dislocation density) will have a strong impact on the waveguide performance. In this work, we performed comprehensive studies on the loss mechanisms in III-nitride GaN waveguide devices. A high performance GaN waveguide with extremely low optical loss of ~2 dB/cm was achieved, which can pave the way for various III-nitride integrated photonics applications.
This paper is organized as the following: In Section 2, we describe a theoretical analysis on the optical losses in III-nitride waveguides for GaN-on-sapphire structures. Scattering loss, free carrier loss, and two-photon absorption (TPA) loss will be studied, and their contributions to the overall performance of waveguide devices will be discussed. In Section 3, we describe the fabrication and characterization processes for GaN-on-sapphire waveguides. A high performance GaN waveguide with optical loss as low as ~2dB/cm is achieved above half bandgap energy (λ < 770 nm), which is the lowest value ever reported for GaN waveguides [23, 24] , comparable to state-of-the-art low loss Si/III-V waveguide devices at the 1.55 μm wavelengths [25-28].
Theoretical analysis

Method
In order to analyze scattering loss, free carrier loss, and TPA loss in III-nitride ridge waveguides, we first calculated the wave vectors and optical modes in the waveguides. A commercial software package by Lumerical Mode Solutions was implemented in this work, and the simulation setup is similar to our previous work [29] .We focused on the GaN waveguide as it has the most promising properties for visible spectral range [1] [2] [3] [4] [5] [6] 17] . The substrate of the simulation was chosen to be sapphire which is the most commonly used material for III-nitride epitaxial growth. Sapphire also provides sufficient optical confinement and is transparent at visible wavelengths. The schematic for the GaN-on-sapphire waveguide is shown in Fig. 1 (a), in which W and H indicate waveguide width and height, respectively. To simplify our discussion, W and H are equal throughout the analysis and their values vary from 0.1 µm to 1.6 µm. In order to study the wavelength dependence, modes at 1550 nm, 800 nm, 600 nm, and 400 nm are simulated, in which 1550 nm represents the telecommunication wavelength, 800 nm represents the wavelength of typical pulsed laser, 600 nm and 400 nm represent visible wavelengths.
For the scattering loss, we only considered sidewall roughness and neglected the upper surface roughness. This is because the III-nitride epitaxy layers usually have very smooth surface (e.g., roughness less than 1 nm [30,31]), while dry etching processes will give rise to surface roughness on the side walls which is typically on the order of several nanometers [32] . This simplification is taken in most of theoretical analysis dealing with sidewall scattering [33] [34] [35] [36] . In this work, we used a widely discussed analytical model for scattering loss estimation, given in [33, 34] . More advanced models utilizing coupled-mode techniques [35] or volume current method [36] will give higher accuracy, but that is beyond the scope of this work. where N indicates carrier density, * e m is the effective mass of electron, n is the refractive index, ω is the optical frequency, μ is the mobility. e, ε 0 , and c are constants that represent elementary charge, vacuum permittivity, and speed of light, respectively. For the TPA loss α TPA , we used the following equation:
where β is the TPA coefficient [21], P in is the optical power inside waveguide, and A eff is the mode area. We note here that for calculations on a GaN waveguide, we used β from [21], which involves a fitting parameter. This fitting parameter is a material-independent constant and typically has a larger value for wide bandgap materials such as III-nitrides. More information can be found in [37,38]. , where n eff represents the effective refractive index of each mode. At the low photon energy region, highly dispersive relations are observed for the GaN waveguides particularly in small waveguide dimensions due to the relative strong optical confinement. This dispersion is reduced with waveguide dimension and can be engineered by controlling the size of the waveguide for a variety of applications [7, [12] [13] [14] [15] [16] 18 ]. While at the high photon energy region, highly dispersive relations are observed for waveguides at all dimensions which is due to intrinsic material dispersion. Table 1 summarizes the cut off wavelengths for the GaN waveguides with different dimensions. Figure 1(c) shows the calculated mode areas vs. waveguide areas for GaN waveguides, where the mode areas decrease with the waveguide dimensions. A small increase of mode area is observed near the cut off, which is attributed to the slow decay of field intensity outside of the waveguide region near the cut off condition. 
Results and discussion
Dispersion relation and mode area analysis
Scattering loss, free carrier loss, and TPA loss analysis Scattering loss
Figure 2(a) shows calculated sidewall scattering losses vs. wavelengths for the GaN waveguides at the dimensions1.6 µm × 1.6 µm and 0.6 µm × 0.6 µm when sidewall roughness (σ) is 1 nm. Different trends were observed for two waveguides dimensions. For waveguide with 1.6 µm × 1.6 µm dimension (i.e., large waveguide dimension), a peak was observed at the 600 nm wavelength. This is because at very short wavelengths, modes are better confined inside the waveguides and interact less with the surfaces, which leads to lower scattering loss. When the wavelengths increase, the scattering loss increases due to the stronger interaction with surfaces. At very long wavelengths, however, surface roughness becomes less significant compared to the wavelengths, which lowers the scattering loss again. For waveguides at 0.6 µm × 0.6 µm dimension (i.e., small waveguide dimension), modes have more chance to interact with surface due to the relative smaller waveguides dimension. Therefore the scattering loss decreases with increasing wavelengths in this case since shorter wavelengths are more comparable to the roughness. Figure 2(b) shows the relationship between the scattering loss and the waveguide dimensions at 400 nm, 600 nm, 800 nm, and 1550 nm wavelengths, which are consistent with the results in Fig. 2(a) . It was observed that as the dimension of the waveguide decreases, the optical loss increases due to the stronger optical confinement. It is also worth noting that for waveguides with dimensions above the micron scale, scattering loss becomes less significant, while at submicron dimension, scattering loss becomes more significant especially for visible light. Since sidewall roughness is usually attributed to different dry etching speeds at grain boundaries, GaN samples with high material quality are important when manufacturing low loss submicron waveguides. Therefore, for micron (1.6 µm × 1.6 µm) and submicron (0.8 µm × 0.8 µm, 0.4 µm × 0.4 µm) GaN waveguides, the sidewall scattering loss can be theoretically suppressed to ~1dB/cm as shown in Fig. 2(c) .
Free carrier loss
From Eq. (1) it can be seen that the free carrier loss is proportional to N/µ, where N is the carrier density and µ is the carrier mobility. Since III-nitride materials are intrinsically n-type doped due to the material epitaxy processes (unlike other semiconductor materials such as GaAs, InP, and Si), they typically possess a large amount of n-type free carriers which will contribute to free carrier loss. For example, the n-type carrier density for unintentionally doped GaN is on order of 10 17 cm −3 for GaN epilayers grown on foreign substrates such as sapphire [40] , and on order of 10 15 to 10 17 cm −3 for GaN epilayers grown on GaN bulk substrate [41, 42] . These values are significantly higher than other semiconductors such as Si (10 10 cm −3 [43] ), GaAs (10 6 cm −3 [44] ), and InP (10 7 cm −3 [45] ). Furthermore, due to the limitation of current epitaxy technology, III-nitride materials are typically grown on foreign substrates such as sapphire or SiC, which results in a high dislocation density inside the IIInitride materials. The large amount of dislocations will reduce the carrier mobility, which will further increase the free carrier loss [46] . Figure 3 shows calculated intrinsic free carrier loss vs. wavelengths for GaN waveguides at dimension of 1.6 µm × 1.6 µm. To analyze loss contributed from free carrier absorption, two cases (ideal case and practical case) were studied and compared. The redline shows the ideal case, where the carrier density of GaN is chosen to be N 0 = 10 15 cm −3 , which is a typical number in commercialized bulk GaN substrate [41] , the corresponding n-type carrier mobility is chosen to be μ = 1800 cm 2 /Vs, which was reported for high quality GaN materials with low dislocation density [46] . While black line indicates a practical case when N/µ = 10 3 N 0 /µ 0 , which represents the case of GaN materials grown on sapphire (typically has a high defect density of 10 9 cm −2 ), where we picked N/μ to be 10 3 times higher than that in ideal case. The electron effective mass used in Eq. (1) is 0.2m e [47] , where m e refers to the electron mass. Overall it is observed that for GaN waveguides, the free carrier loss decreases with wavelengths, indicating that the free carrier loss is less significant for GaN wavelengths at short wavelengths such as visible spectral range. In the ideal case, free carrier loss is almost negligible from 400 nm to 1600 nm. In the practical case, free carrier loss becomes larger than 1 dB/cm when the wavelengths are greater than 800 nm. These results show that GaN waveguides are more suitable to work at wavelength that shorter than 1 µm. Fig. 3 . Calculated free carrier loss vs. wavelength for GaN waveguides at waveguide dimensions of 1.6 µm × 1.6 µm. The redline shows the ideal case (e.g., GaN on bulk GaN substrate), while black line indicates a practical case (e.g., GaN on sapphire substrate). 
TPA loss
Figure 4(a) shows calculated TPA loss vs. waveguide dimensions for GaN waveguides at different wavelengths. At a fixed power density (e.g., 1000 mW), the TPA loss will decrease with waveguide dimensions due to increased energy densities. (We also note there that the optical power simulated in Fig. 4(a) The TPA loss will be < 1dB/cm for when the incident power is < 10 mW, and > 10 dB/cm when the incident power is > 100 mW.
Using the TPA coefficient data, we also estimated the quality factor for the waveguides at different incident power, and the results are shown in Fig. 4(c) . The calculation is based on incident wavelengths of 710 nm, which locates at the half bandgap energy of the GaN material. The mode area used in this calculation is 1 µm 2 .The results show that quality factor Q remains constant when the incident optical power is low (e.g., < 1000 mW), and then drops dramatically when the incident power > 1000 mW. The TPA loss showed the opposite trend. This result implies that, on one hand, for waveguide applications under CW light operation, GaN waveguide-based ring resonators have decent performance since its quality factor drops above 1000 mW. While on the other hand, since a 1000 mW power density is very practical for waveguide applications under pulsed light operations, the quality factor drop at high power range could limit GaN-based ring resonators' applications in ultrafast optics where peak power density is usually above 1000 mW.
Overall waveguide performance analysis
With the calculation results from the previous section, we can further analyze the overall performance of GaN waveguides. At the telecom wavelength (i.e., 1550 nm), the GaN waveguide will have very poor performance mainly due to the large free carrier loss. In contrast, GaN waveguides show much higher performance at the visible wavelength (i.e., 400 -600 nm). Figure 5 shows the calculated loss map of GaN waveguide at 600 nm with a more ideal material quality and low sidewall surface roughness (σ = 0.1 nm). At 600 nm, the total optical loss of GaN waveguide will exceed 10 dB/cm when optical power is larger than 1000 mW. The results indicate that GaN waveguides will perform best for micro waveguide and small power applications such as modulators and inter-chip connections. While for high power applications such as comb generation, second harmonic generation, stimulated Raman scattering, super continuum generation, etc., GaN waveguides can only be implemented below half-bandgap photon energy, i.e., wavelengths > 710 nm, to achieve high performance and low loss. We also analyzed a more realistic case for GaN waveguide with moderate material quality N/µ = 10 3 N 0 /µ 0 , and sidewall roughness σ = 1 nm, and the result is shown in Figs. 6(a) and 6(b). Due to the n-type conductivity of GaN materials, the free carrier loss dominates at the low incident optical power range, which is very different from Si or InP waveguides where the scattering loss dominates. Therefore, special attention must be paid in controlling the free carrier loss when designing and fabricating GaN waveguides. 
Experimental results
In this section, we discuss our experimental work on the fabrication and characterization of low loss GaN waveguides. The experimental results show that TPA loss dominates at high incident power range, which is consistent with our calculation results. High performance GaN waveguides with optical loss as low as ~2dB/cm are achieved above half bandgap energy (λ < 770 nm), which is the lowest value ever reported for GaN waveguides at this wavelength spectral range. Figure 7 shows the fabrication process for GaN-on-sapphire waveguide developed for this work. An unintentionally dope (UID) GaN thin film with 1.5 μm thickness was grown on a sapphire substrate using a standard metal organic chemical vapor deposition (MOCVD) process. The Ga and N sources were trimethylgallium and ammonia, respectively. The carrier gas was hydrogen. Surface roughness was measured by atomic force microscope (AFM) and the root mean square (RMS) of height is typically 3.5 nm over 5 µm × 5 μm. 700 nm SiO 2 and 30 nm Cr layers were deposited using plasma-enhanced chemical vapor deposition (PECVD) and thermal evaporation, respectively. The SiO 2 layer was used as hardmask for GaN etching. Cr served as a hardmask and also provided conductivity during exposure in electron beam lithography (EBL). The samples were then coated with a negative resist (ma-N 2403) from Micro Chem Corporation. Then, patterns were transferred to the samples by EBL, where the exposure was intentionally slightly overdosed to reduce sidewall roughness. After EBL exposure, samples were developed for 35 seconds in ma-D 525 developer, followed by chlorine (Cl 2 ) and fluorine (F 2 ) based reactive ion etching (RIE) to define the Cr and SiO 2 hardmasks, respectively. The chlorine based RIE was performed under 100 mT chamber pressure and 20 V bias voltage, which produce isotropic etching profile with etching speed of ~40 nm/min. Due to the thin Cr thickness, this isotropic etching does not give much undercut but minimize the sidewall damage (roughness) of hardmask. While for the fluorine based RIE, the etching was performed under 20 mT pressure and 520 V bias voltage. Good anisotropy was achieved with etching speed of ~40 nm/min. Finally, an inductively coupled plasma (ICP) etching was used to form the waveguide structure. The ICP etching of GaN was also optimized following [48] to minimize side wall roughness with 400 W ICP power, 70W RIE power and 5 mT pressure using 30 sccm Cl 2 , 8 sccm BCl 3 and 5 sccm Ar 2 . Bias voltage during etching was 160 V and etching speed was ~200 nm/min. After ICP etching, residual SiO 2 was removed by one hour ultra etch 20:1 NP selective wet etching. In order to couple light into waveguide, end-fire coupling method was employed. A laser beam from Ti:S laser in TE polarization was first expanded by free space optics to fully utilize the numerical aperture and then focused by a × 10 objective lens. The beam diameter was estimated to be ~2 µm using simple Gaussian optics estimation. Facet of waveguide was tapered to match the beam size of Gaussian laser beam coming out from objective. During testing, the facet of waveguide was positioned at focal point of the objective lens to achieve maximum power injection. The coupling efficiency was calculated to be ~30%.
Fabrication and testing methods
The tapered facet of the GaN waveguide was polished to further enhance coupling efficiency. Before polishing, a SiO 2 layer was deposited to protect the waveguide during polishing. Samples were glued onto a holder and polished by diamond lapping film, after which the glue and SiO 2 were removed. To test loss of the GaN waveguide, light was guided to propagate inside the waveguide for several millimeters and the scattering light was collected by the microscope and sent to a linear CCD camera. This setup is standard in loss characterization of waveguides and has been widely used [28, 49, 50] . During experiment, gain of CCD camera was dynamically changed in order to avoid saturation of each pixel. By measuring the decay, waveguide optical loss can be extracted. 
Results and discussion
Using the process developed in Fig. 7 , we fabricated the GaN waveguides with 1.5 µm height and width varying from 1.2 µm to 2 µm. The experimental data of waveguides tested in this study with good, decent, and failed performances are shown in Figs. 9(a), 9(b), and 9(c), respectively. Testing was performed with 700 nm CW light. For a waveguide with decent performance, only small decay happens after propagation of millimeters. While for a typical failed waveguide, large decay (> 10 dB/cm) can be observed in less than 1 cm propagation. The low loss waveguide in this study is defined to be waveguides that exhibits < 10 dB/cm loss since such waveguides are widely used in ring resonator fabrications [7, [12] [13] [14] [15] [16] 20 ]. Figure 9 (d) shows the waveguide loss as a function of wavelength under CW mode incident light with waveguide width of 1.6 µm. Since the waveguides fabricated in this study are above submicron, they showed very weak wavelength dependence in this wavelength region. The width dependence of optical loss is shown in Fig. 9 (e), due to the inaccuracy of out scattering characterization method and limited sample length using EBL process, the characterized waveguide loss fluctuates below 2 dB/cm, therefore the trend is not very clear. In this study, 30 total waveguides were characterized. 70% of the waveguides show optical loss of < 10 dB/cm and 20% exhibit loss of ~2 dB/cm. To the best of our knowledge, this value (~2dB/cm) is the lowest loss ever reported on GaN-based waveguides [23, 24] , and are comparable to the performance of state-of-the-art InP and Si waveguides at 1.55 µm. These low loss GaN waveguides are capable to handle various applications such as Mach-Zehnder (MZ) interferometers, MZ modulators, and high-quality ring resonators. Table 2 summarize the optical loss performance of recent studies on GaN waveguides. Overall the reported loss values decreases with decreasing wavelengths, indicating that the dominant loss mechanism for GaN waveguide is the scattering loss, as the free carrier loss will increase with increasing wavelength. Comparing with previous studies [23, 30, 50, 51] , the GaN waveguides in this work showed the lowest optical loss value (~2.5 dB/cm) with comparable waveguide dimensions. Furthermore, the devices in this work was also tested at a shorter wavelength (~700 nm). These results clearly show the high potential for GaN waveguides especially for visible and even UV wavelengths, which is currently unattainable for conventional Si or III-V waveguides. Better performance can be expected from GaN waveguides with further optimized material qualities and fabrication processes. 2. Thin film thickness is given in the bracket.
The low loss performance from the GaN waveguides can be attributed to the optimized ICP dry etching process that minimizes the sidewall roughness of the devices. The loss variation of the waveguides across the wafer can be attributed to several reasons. Firstly, SiO 2 cracking was observed on some area of the wafer, possibly due to large thermal expansion coefficient difference between SiO 2 and GaN. The cracking of SiO 2 hardmask could result in the damage of waveguide in the device etching steps. Secondly, the mechanical polishing process could cause damage to some waveguides. For the former issue, we can optimize the PECVD deposition process and/or use thinner SiO 2 layers to avoid non-ideality and cracking. For the latter issue, grating couplers can be employed to eliminate the polishing process. Further improvements of the GaN waveguide are expected by optimizing the growth and fabrication process.
In order to verify that TPA loss is the dominated optical loss mechanism for GaN waveguide at the visible spectral range under strong power incidence, we further characterized the waveguide under pulsed laser mode. During the testing, a 100-fs laser pulsed at 82 MHz repetition rate was utilized with operating wavelength of 710 nm. The loss of the GaN waveguide with height of 1.5 µm and width of 2 µm was characterized at different incident power under both pulsed and CW mode, and the results are shown in Fig. 10 . Under pulse mode, the optical loss of the waveguide showed a strong dependence on the incident power. In contrast, the optical loss was almost constant under CW model over the measured power range. Since TPA loss is power related, it will increase with increasing incident optical power. In comparison, scattering loss and free carrier loss have less power-dependence. Therefore, under pulsed mode operation, the dominant loss mechanism for GaN waveguide is the TPA loss. While for waveguide under CW mode operation, the peak optical power density is much smaller compared with that in pulsed mode, and we do not observe significant powerdependence. 
Conclusions
In conclusion, we performed a comprehensive study on the optical loss mechanisms in GaN waveguides at visible spectral range. The results showed that the free carrier loss dominates for GaN waveguides when under low power operation, which is different from traditional InP or Si waveguides working at 1550 nm where scattering loss dominates. Under high power operation, TPA loss starts to dominate for GaN waveguides. A high performance GaN-onsapphire waveguide was fabricated and characterized, and the experimental results are consistent with the theoretical findings. A low optical loss ~2 dB/cm was achieved on the GaN waveguide, which is the lowest value ever reported for the visible spectral range. The results and fabrication processes developed in this work pave the way for the development of III-nitride integrated photonics in the visible and potentially ultraviolet spectral range for nonlinear optics and quantum photonics applications.
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